We present a simple molecular level model based on Gay-Berne monomers linked by Finitely Extendable Nonlinear Elastic Potential (FENE) bonds for describing main chain polymerization in liquid crystals. We apply the model to study the in uence that the order of the medium has on the characteristics of the chains obtained. We find that the chains prepared from the nematic are actually straighter than those obtained from a polymerization in the isotropic phase and that they are characterized by a small number of hairpins as experimentally observed.
Introduction
Main Chain Liquid Crystalline Polymers (MC-LCP) offer a most useful combination of the anisotropy typical of liquid crystal phases and of the mechanical properties typical of polymers. [1] [2] [3] [4] A particularly interesting aspect is the possibility of preparing thermotropic MC-LCP with controlled molecular organization and orientational order 2 by polymerization of liquid crystal (LC) monomers started in a suitably ordered phase. Although this has been observed experimentally, [5] [6] [7] very little has been done on the modelling side to understand how the anisotropic medium can influence the features of the chains formed through the polymerization process. Here, we tackle the problem by setting up a simple approach to the polymerization in a system of low molar mass LC particles, that we represent at molecular resolution level, and performing Monte Carlo computer simulations starting from isotropic or from nematic phases with different orientational order.
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Coarse grained polymer models are often of the spherical beads and spring type (see, e.g. 9 ), although systems based on ellipsoidal beads have recently been proposed. 10, 11 As we shall see our model consists of attractive-repulsive particles that upon polymerization become bonded by flexible linkers. Polymer growth in isotropic monomer melts has been studied by a few authors using lattice 12 and off-lattice 13, 14 models but little is known on the influence of solvent anisotropy on the chains formed.
The plan of this paper is as follows: we first describe our molecular model for the monomers, the linkers and the algorithm employed for the simulated polymerization reaction, while in the second part we shall give the Monte Carlo simulation details and describe the results.
In the present approach we replace each monomeric LC molecule with an attractiverepulsive Gay-Berne (GB) uniaxial ellipsoid 15 since systems of GB particles have been widely studied as prototype for mesogenic molecules and have been shown to yield the principal thermotropic LC phases (for a recent review see 16 ). We are interested in studying the formation of chains and thus we have endowed the GB particles with linking properties so as to model, with small modifications, the two different molecular species we require: monomers and radical initiators.
As monomers link and polymerization takes place, in the way we shall discuss in detail in the following, the total energy of the system will consist of both nonbonded GB terms and of intra-chain terms. Normalizing to the number N of initial monomers in the simulated sample, we can write the energy per particle U as
where U GB and U bond are the non-bonded and bonded interactions energies per particle.
The non-bonded GB interaction term U GB is calculated for all pairs, except for directly linked monomeric units, as
, and w ij a switch function for bonded monomeric pairs
1 if i and j are bonded; 0 otherwise.
The GB interaction energy between two ellipsoidal particles i, j is given by 15, 17 
wherer ij is a unit vector along the separation vector r ij joining the centers of mass of particles, i and j, andû i ,û j are unit vectors giving particles orientation.
The analytical expression for the interaction strength (µ,ν) (û i ,û j ,r ij ) and for the range function σ(û i ,û j ,r ij ), in terms of the long and short axes lengths σ e , σ s , and well depths e , s , as well as the parameters µ, and ν that define the details of the model introduced in refs.
15, 16
Upon bonding, the GB interaction between adjacent pairs of bonded monomers (a.k.a. monomeric units) is replaced by a sum of stretching and bending Finitely Extendable Nonlinear Elastic Potential 18 (FENE) spring contributions, so that the bonded energy per particle term is
where s ij and θ ij are the bond length and angle, as shown in Figure 1 . The FENE pair interaction stretching U s (s ij ) and bending U θ (θ ij ) energies between two reaction sites i, j can be written in general terms as 18, 19 
where ξ ij = s ij for the stretching, and ξ ij = θ ij for the bending energy. Here, ξ eq is either the equilibrium bond length s eq or angle θ eq ,
where κ ξ is the force constant, and Q ξ is the maximum value of bond length or bending angle. If the bond distance and the bending angle are equal to s eq and θ eq respectively, then the pair bonding energy takes the U 0 value. We point out that in the present model the stretching energy does not depend on the orientation of the bond vector s ij shown in Figure 1 but only on the bond length s ij .
Our algorithm for simulating the polymerization process generalizes the method of Peppas et al. 20 to mimic a chain-reaction polymerization (free radical mechanism).
We allow bond formation by embedding into each GB monomer two reaction sites, which can exist in three different states: non-bonded, reactive (propagating) and bonded (see Figure 1 ). The sites are currently placed in terminal position, although they could be positioned arbitrarily. The model does not involve at the moment a chain-transfer mechanism: consequently the number of growing polymer chains N c will always be equal to that of radical initiators N r and, in addition, the propagation reaction is irreversible. Every reaction site can undergo polymerization along a preferential orientation,ẑ
i =û i for site 1, andẑ 
In Figure 2 we show how the monomer labelled as 2 reacts with the propagating radical 0 as both reaction criteria are satisfied. If no monomer is found the chain propagation does not take place and the propagating radical remains reactive.
Computer Simulations
We have simulated, using the MC technique with canonical (NVT) conditions, systems of N = 4096 GB monomeric particles in a cubic box with periodic boundaries. 21, 22 The parameterization chosen for the GB non-bonded interactions is that already studied in 17 with µ = 1, ν = 3, short axis σ s = 1 σ 0 , long axis σ e = 3 σ 0 , and well depths s = 1 0 , e = 0.2 0 , giving isotropic, nematic and smectic phases at a scaled density ρ * = N σ this system has a nematic-isotropic (NI) phase transition at scaled temperature
. 17 We have studied the polymerization process by considering systems at various temperatures and with different numbers of radical initiators 17 (also reported in Table 4 ) for an N = 1000 sample. The polymerization reaction (radicals propagation) has been followed for 100 MC kcycles (1 cycle be- The specific angular range ∆θ m value of our FENE parameterization allows growing chains to assume a wide range of conformations, so that the polymer structure can be influenced in principle by the LC phase orientational order. In addition, the optimal reaction distance has been chosen to be greater than the FENE bond equilibrium value (i.e. s p > s eq ) to increase the number of successful reaction steps.
After a reactive event the GB potential is switched off and the bond distance s ij can then relax and assume values closer to s eq . Furthermore, the equilibrium bond distance s eq is smaller than the monomer diameter σ s , and the stretch constant κ s has a value preventing the insertion of non reacted monomers between two bonded monomeric units. The remaining FENE parameters have been chosen so that bonded energies do not diverge when FENE interactions are turned on, i.e.
Q s > |s p + ∆s m |, and Q θ > |θ p + ∆θ m |. The scalar term U 0 of equation 5 has been put equal to the average non bonded energy U GB of a monomeric sample at the same temperature T * , and density ρ * . 17 In our case we have U * 0 = −7.147 (T * = 2.8), −4.914 (T * = 3.4), and −2.282 (T * = 3.8).
Results and Discussion
Turning now to the simulations results, the first fact we wished to asses is if temperature and orientational order do influence the instantaneous monomer conversion C mon = N pol /N during the polymerization process, where N pol = x xN (x) is the number of reacted monomers, and the length density N (x) counts the number of chains formed by x monomeric units in the sample, so that N c = x N (x).
In Table 1 , and Figure 3 we see that the values of C mon for the nematic phases (T * = 2.8 and 3.4) after the 100 MC polymerization kcycles are quite similar and slightly larger than those obtained in the isotropic sample (T * = 3.8). This effect has been systematically observed during all the polymerization processes studied, and Figure 3 shows that the conversion C mon after a given number of cycles is always lower at the isotropic temperature T * = 3.8. This observation applies to all the polymerization simulations up to the arbitrarily chosen observation length of 100 MC kcycles. The effect of orientational order seems to be that of favoring radicals propagation, which is a reasonable result because ordered monomers are more likely to be found within the useful orientational range from a reaction site as shown in Figure 2 . Figure 3 also shows that the chain growth process for the N c = 30 system is linear in the early stages of the reaction whereas it slows down after reaching a conversion C mon ≈ 0.08. This behavior is visible at all temperatures, also for the N c = 10, and N c = 20 systems.
We now turn to the characterization of the chains formed, particularly with a view to examine the effects, if any, of the onset of ordering in the monomeric system.
More in detail, to quantify the elongation and orientational order of the polymer, we have calculated several observables during the sequence of chain relaxation cycles that follow the quenching of the growth reaction. The polymeric chains distribution has been characterized by computing a few observables 23 normally used for this purpose, i.e. the number-average degree of polymerization
and the weight-average degree of polymerization
The average values of the two degrees of polymerization observed for our model systems are reported in Table 1 . We find that for all values of N c studied the chains become on average longer (i.e. with largerx n , andx w ) as temperature decreases and order increases. This is again consistent with a higher probability of success- We have also calculated chain observables and examined their dependence from the temperature and orientational order. The first one we take into account is the average end-to-end distance
where r The effect of orientational order is clearly given by the ratios r ee /r m reported in Table 2 . We see that in the nematic samples at the lowest temperature (T * = 2.8) the r ee distances are more than 90% of the contour length r m = s eq (x n −1)+σ exn ,
i.e. of the limiting length of a fully stretched chain of the same lengthx n . The ratio r ee /r m decreases only a few units percent if we go from T * = 2.8 to the highest nematic temperature T * = 3.4 (with ∆T * = 0.6) while, moving further to the isotropic case, T * = 3.8, this decrease roughly becomes 10 − 20% (for a ∆T * = 0.4). Nonetheless, in the isotropic sample at T * = 3.8 this ratio is still quite high and the r ee distance is much larger than the value r ee rc ≈ (s eq + σ e )x 1/2 n expected for a random coil formed byx n freely jointed units 23 of length s eq + σ e ;
this is a consequence of the monomer shape and of the chain intrinsic stiffness.
Finally, we see that the ratio r ee /r m is not affected by the number of radical initiators.
One possible way to asses polymer stiffness is to analyze the average deviations from equilibrium values of bond lengths s eq , and bending angles θ eq namely, ∆s = (s ij − s eq ) 2 1/2 , and ∆θ = (θ ij − θ eq ) 2 1/2 . The values obtained for our model systems are reported in Table 3 , and we see that bond length fluctuations ∆s slightly decrease with temperature, as one would expect. This can be interpreted in terms of the value of κ s , which makes bonds rather stiff with respect to the scale of GB interactions: on average we find that at all temperatures the fluctuations are ≈ 20 % of the amplitude of the FENE potential range around s eq . Our choice of κ b results instead in a wider fluctuation range of bending angles as it is apparent from the ∆θ values reported in Table 3 . The effect of temperature is in this case more pronounced and in the isotropic sample we observe a ∆θ ≈ 70
• , while in the nematic systems the average deviations from θ eq become considerably smaller (by a factor 1.5 − 2), which is an evident effect of temperature and orientational disorder on chains structure. We do not observe any apparent effect due to the propagating radical concentration and the data for the N c = 20, N c = 30 systems are the same as those for the N c = 10 case reported in Table 3 .
Moving to the description of the anisotropic properties of the samples, the orientational order of the polymeric chain can be referred to the global mesophase director or to a specific molecular axis and here we have considered both. The global second rank orientational order parameter P
is relative to all N anisotropic beads (i.e.
bonded and non-bonded monomers) and it is referred to the phase directord (m) , computed in the standard fashion by diagonalization of the ordering matrix
is the orientation of the i-th monomer in the m-th configuration, and
, describing the average alignment of each monomeric unitû
with respect to the chain axisê (m,k) has also been computed as
where every chain axisê (m,k) has been determined as the eigenvector of the chain inertial tensor corresponding to the lowest eigenvalue. The orientational order parameters for the N c = 10 systems are reported in Table 4 , and we see that the average value of P (e) 2 is practically coincident with P
at all temperatures.
Furthermore, in the nematic phases
is only slightly higher than the P 2 obtained for the bulk system of N = 1000 GB particles of ref. 17 Thus, the effect of chains in further promoting the orientational alignment of the nematic solvent seems negligible in our samples and the differences between P (d) 2
and P 2 in Table 4 may also originate from the different sample sizes of this work (N = 4096) and that of ref. 17 Moreover we find that for the order parameters there is no influence from the number of radicals and results for the N c = 20, N c = 30
systems are the same as those for the N c = 10 case reported in Table 4 .
Finally, we have monitored orientational pair correlations along the polymeric chains. They have been computed starting from the instantaneous C
relative to pairs n units apart in the k-th chain and m-th MC configuration. The overall average correlation function C 2 (n) has been obtained by summing all separate chain contributions, and by normalizing with respect to the total number of chains and MC configurations analyzed
The correlation function profiles C 2 (n) at the various temperatures range from 1 for n = 0 (short-range) to an asymptotic value P
essentially corresponds to the order of the monomeric particles, the influence of the phase anisotropy to the structure of polymeric chains can be studied by looking at this observable. Furthermore, an analysis of the first portion of the C 2 (n) profiles gives information on the short-range orientational order around a monomeric unit. The plots shown in Figure 4 are for the N c = 10 systems but are representative of all radicals concentration cases we have studied.
The nematic sample at highest order parameter P presents the largest starting value for n = 1 which quickly lowers to the asymptotic value indicating that the monomeric units are highly correlated for all intra-chain separations. This is consistent with the fact that the chains are fairly linear.
In the nematic sample with P
= 0.67 at T * = 3.4 the pair correlation has a slightly larger jump between short-and long-range values (the overall orientational order is smaller) but again it levels to the asymptotic limit just after two or three monomeric units. In the isotropic phase at T * = 3.8 and P Examining the snapshots of Figure 5 relative to the beginning of the polymerization reactions of systems with radical concentration N c = 30, we see that the chain structure is indeed influenced by the orientational order: in the lowest temperature nematic sample (T * = 2.8) chains are fairly elongated, and at T * = 3.4 they become less aligned, while in the isotropic phase (T * = 3.8) structures are disordered but still not densely packed as a random-coil. This is reasonable because the polymer is soluble in the monomers solution and there is no evidence of segregation.
The features of these structures can be more easily seen if we unwind the periodic boundaries and show only one polymeric strand. In Figure 6 we show a sequence of three snapshots of a single growing chain for the T * = 2.8, and T * = 3.8 samples after 20, 60, and 100 MC kcycles where the differences are quite evident. If we compare what emerges from our data, shown in Table 4 and Figure 4 , with the results of Lub et al. 7 we find that the conclusions drawn by analyzing the correlations functions are consistent with that experimental work: a polymerization reaction performed in a suitable liquid crystalline monomer solution results in the formation of chains whose structure is a function of the orientational order.
Although polymers formed from the nematic melt are more straight it is important to see if chains can anyway occasionally bend on themselves, forming sharp "uturns", the so-called hairpins. These have been observed experimentally at least in some main chain polyesters 25 and polyethers. 26 In the remaining part of this paper we discuss the analyses we have performed on chain structures after the relaxation runs have finished, to observe if one or more bends were present. The operational definition we have used for a hairpin in a polymeric chain is the following: the shortest chain portion whose first and last monomeric units i, j exhibit a value of P 1 (û i ·û j ) = cos β ij ≤ cos θ hp , where cos β ij =û i ·û j . The hairpin threshold angle has been chosen θ hp = 160
• (see Figure 7 for a pictorial representation), and two additional constraints have been enforced to avoid overlapping hairpins and considering wide bends: neither i and j must be within another pin, and i < j ≤ i + 5, so that the maximal hairpin length is 6 units, and any u-turn involving more than 6 monomeric units is not considered here as a pin.
In Table 1 we also report the number N cp of chains showing one ore more hairpins upon completion of the 500 kcycles relaxation run. We see that for all concentra- to what was observed experimentally 26 and it is understandable as hairpins only determine a local perturbation in the system without affecting the overall orientational ordering of the system. In our case, the average length of such hairpins L hp is four monomeric units.
Conclusions
We have developed a Gay-Berne model to describe a polymerization process in a condensed, isotropic or liquid crystalline phase and a set of tools for the character- We have also studied the appearance of hairpins and we have found that, in agreement with experiment, they are not completely forbidden. On the whole, the Gay-Berne model originally developed for low molecular weight liquid crystalline systems can thus be employed for studying polymer melts. The average dimensionless end-to-end distances r * ee after the 500 kcycles MC chain relaxation process described in the text. The dimensionless ideal contour length for a fully stretched chain r * m of lengthx n , and the end-to-end distance for a freely jointed chain r * ee rc discussed in the text are also reported. 
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